Abstract: Although magnesium is involved in a wide spectrum of vital functions in normal human physiology, the significance of hypomagnesemia and necessity for its treatment are under-recognized and underappreciated in clinical practice. In the current review, we first present an overview of the clinical significance of hypomagnesemia and normal magnesium metabolism, with a focus on renal magnesium handling. Subsequently, we review the literature for both congenital and acquired hypomagnesemic conditions that affect the various steps in normal magnesium metabolism. Finally, we present an approach to the routine evaluation and suggested management of hypomagnesemia.
Introduction
Despite being the second most abundant intracellular and fourth most abundant extracellular cation in the body, hypomagnesemia has received relatively poor attention in the medical literature compared with hyponatremia, hypokalemia, and hypocalcemia. As of November 14, 2013, there were 2,100 versus 10,298, 1,107, and 12,345 citations related to the respective electrolyte disorders, recorded on PubMed (Figure 1 ). The low interest in hypomagnesemia may have stemmed from its relative lack of symptoms until plasma concentrations reach severely low levels, our poor understanding of magnesium metabolism until recent years, or both. Nonetheless, magnesium is involved in a wide spectrum of vital functions in human physiology. Magnesium is required for all enzymatic reactions requiring adenosine triphosphate (ATP), various reactions requiring kinases, neuromuscular excitability and cell permeability, regulation of ion channels and mitochondrial function, cellular proliferation and apoptosis, as well as immunity, among others.
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Clinical manifestations
Hypomagnesemia, while typically defined as having serum magnesium concentration below 0.66 mmol/L (1.6 mg/dL), with or without accompanying total body depletion, does not lead to clinically significant signs and symptoms until serum levels fall below 0.5 mmol/L (1.2 mg/dL). 3 Nonetheless, as magnesium is involved in an array of structural and physiological functions, adverse effects associated with hypomagnesemia may occur in almost every organ system, whether they are clinically acute and overt, or chronic and subtle.
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Table 1 Magnesium functions and hypomagnesemia related clinical manifestations
Clinical manifestations of hypomagnesemia that promptly lead to medical attention involve neuromuscular hyperexcitability that may range from tremors, fasciculation, tetany, to convulsions, and neuropsychiatric disturbances including apathy, delirium, and even coma. Other potentially life-threatening complications may arise not solely from hypomagnesemia, but also from the associated hypocalcemia and/or hypokalemia, and include atrial and ventricular arrhythmias, torsades de pointe, enhanced sensitivity to digoxin toxicity, and sudden death. In contrast, long-term adverse complications where the association with hypomagnesemia is not often recognized include altered glucose homeostasis, hypertension, atherosclerosis, osteoporosis, asthma, migraines, and other end-organ damage. Presumed mechanisms involved in various hypomagnesemia-associated signs/symptoms are listed in Table 1 . [2] [3] [4] [5] The mechanisms of many, if not most, clinical signs and symptoms of hypomagnesemia are likely multifactorial and beyond the scope of discussion in the current review.
Magnesium metabolism Gastrointestinal absorption
While the Institute of Medicine recommends a daily magnesium intake of 310-420 mg/day in adults, with the end of normal range for women and higher range for men, it has been estimated that 300-350 mg of magnesium is consumed daily in a typical American diet. 6 Twenty percent to 80% of dietary magnesium is absorbed in the intestines, where absorption depends on both intake and body magnesium status, and occurs via both passive and active pathways. [6] [7] [8] Passive Mg 2+ absorption occurs paracellularly and predominantly in the small intestines, a process driven by a favorable electrochemical gradient and solvent drag with dietary intake. At low dietary magnesium intake, Mg 2+ absorption relies heavily on active transcellular uptake via Mg 2+ -specific transporters in the large intestines. 7, 9 Two Mg 2+ -specific channels identified over recent years include the transient receptor potential melastatin (TRPM) 6 and TRPM7. TRPM7 is ubiquitously expressed among tissues, whereas TRPM6 is predominantly expressed along the full length of the intestine, the distal convoluted tubules (DCTs), the lungs, and the testis tissue. TRPM6 and TRPM7 can form heterodimers and may influence trafficking and activity of the TRPM6 Mg 2+ channel. However, the extent and significance of the interactions between TRPM6 and 7 remain to be fully elucidated. 8 Nonetheless, it Magnesium exists as protein bound (20% to 30%), complexed with organic anions such as sulfates, phosphates, or bicarbonates and citrates (5% to 15%), or free ionized cations (55% to 70%), where the proportion of each form is dependent on plasma pH, ionic strength, and protein/organic anion contents. Intracellular magnesium concentration has been estimated to range from 5 to 20 mmol/L (12-49 mg/dL), while extracellular magnesium concentration typically ranges from 0.70 to 1.05 mmol/L (1.7-2.6 mg/dL). 5 
Cellular shift
Unlike potassium, regulation of Mg 2+ cellular uptake or release occurs slowly and likely does not occur in all cell types. Bone is the largest reservoir of magnesium but its role and regulation in maintaining plasma levels remain poorly understood.
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Kidney handling of magnesium
The kidneys are thought to play a key role in regulating and maintaining magnesium balance.
Approximately 70% to 80% of plasma magnesium in ionized or complexed forms is ultrafilterable in the kidneys. Once filtered, 15% to 25% is reabsorbed passively with sodium and water in the proximal tubules. 13 Sixty-five percent to 75% of the filtered magnesium load is reabsorbed paracellularly in the thick ascending limb of the loop of Henle (TAL), a process facilitated by the tight junction protein claudin-16, also known as paracellin-1.
14,15 Mutation of claudin-16 is associated with severe hypomagnesemia with hypercalciuria and nephrolithiasis. 16 More recently, mutations encoding the tight junction protein claudin-19 have also been reported to cause the inherited human renal disorder, familial hypomagnesemia with hypercalciuria and nephrocalcinosis. 17 Although further studies are required, current evidence from both in vitro and in vivo studies suggests that claudin-16 and claudin-19 cogenerate a cation channel at the TAL tight junction necessary for normal Mg 2+ reabsorption at this nephron segment. 18 Five percent to 10% of the filtered magnesium, or 70% to 80% of magnesium delivered from the TAL, is reabsorbed at the DCT subsegment 1, the final nephron segment where Mg 2+ can be reabsorbed, via an active and regulated transcellular pathway through the apical TRPM6 (Figure 2) . 19, 20 Although the percentage of filtered magnesium reabsorbed in the DCT is lower than that at more proximal segments, regulated reabsorption at this segment is essential to magnesium balance because it determines the final urinary Mg 2+ loss.
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DCT magnesium reabsorption
Apical factors
In Gitelman syndrome, where there is a homozygous or compound heterozygous mutation or deletion in the SLC12A3 gene encoding the apical thiazide-sensitive NaCl cotransporter (NCC), significant hypomagnesemia occurs in association with hypokalemic metabolic alkalosis and hypocalciuria. 22 Although mechanistically unclear, Nijenhuis et al demonstrated reduced TRPM6 expression in mice chronically treated with thiazide, a Gitelmanequivalent condition. 23 Additionally, it has been suggested that the compensatory hyperaldosteronism associated with reduced NCC sodium reabsorption in Gitelman may lead to reduced TRPM6 activity, particularly in concert with low dietary magnesium intake. 24 It may also be speculated that reduced NCC sodium reabsorption could lead to suboptimal basolateral (3)Na + - (2) reabsorption. A mutation involving substitution of asparagine for aspartic acid leading to nonfunctional Kv1.1 channels in the DCT has been reported in a family with isolated autosomal-dominant hypomagnesemia paired with signs and symptoms of neuromuscular dysfunction including recurrent muscle cramps and weakness, tremors, tetany, cerebellar atrophy, and myokymia. 25 It was suggested that the loss of Kv1.1 function reduces apical K + intraluminal secretion, hence the associated favorable intraluminal positive voltage to facilitate Mg 2+ reabsorption via TRPM6.
Basolateral factors
Renal magnesium handling at the DCT occurs via the apical TRPM6, whose shuttling from intracellular vesicles toward apical membranes requires binding of epidermal growth factor (EGF) to its basolateral receptor. Mutations of the EGF gene have been shown to be the causative defect in recessive isolated renal hypomagnesemia, where apical TRPM6 expression is reduced. 26, 27 It is speculated that following apical reabsorption, Mg -ATPase, the hepatocyte nuclear factor 1 homeobox B (HNF1B), are associated with renal Mg 2+ wasting. [28] [29] [30] Mutation in the FXYD2 gene encoding the γ-subunit of Na reabsorption. Heterozygous mutations of the HNF1B gene, either whole-gene deletion or point mutations, are linked to a dominant renal cysts and diabetes syndrome, where up to 50% of patients also present with renal magnesium wasting with hypocalciuria. 31 HNF1B is thought to play a regulatory role in the transcription of the FXYD2 gene, specifically at the promoter responsible for the transcription the γa-subunit of Na
The basolateral, heteromeric, inwardly rectifying Kir4.1/Kir5.1 K + channel has also been found to affect Mg 2+ reabsorption, presumably via its K + recycling function necessary to maintain optimal Na + -K + -ATPase activity. Mutations involving the KCNJ10 gene encoding Kir4.1 have been reported to cause a clinical constellation involving hypomagnesemia with associated SEizures, Sensorineural deafness, Ataxia, Mental retardation, and Electrolyte imbalance Epilepsy, Ataxia, Sensorineural deafness, and renal Tubulopathy, known as (SeSAME/EAST) syndrome. 32, 33 It is possible that the associated suboptimal Na 
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Magnesium: normal metabolism and diseased states thiazide-sensitive sodium chloride channel, a defect observed with Gitelman syndrome. Accordingly, with the exception of hypocalcemia, a Gitelman-like clinical syndrome including sodium wasting, hypokalemia, hypomagnesemia, and metabolic alkalosis may be observed with Kir4.1 loss-of-function mutation. Additionally, it has been reported that the Kir4.1/ Kir5.1 K + channel is extremely sensitive to inhibition by intracellular pH, a characteristic thought to be conferred by the intact Kir5.1 subunit. 34 Interestingly, activation or gainof-function mutation of the calcium-sensing receptor (CaSR) has been shown to reduce basolateral Kir4.1 expression, presumably via altered caveolin-mediated trafficking of the channel, with resultant reduction in Mg 2+ reabsorption and salt-wasting at the DCT. 35 Finally, although mechanistically unclear, both deletion and missense mutations involving cyclin M2, a protein localized to the basolateral side in both the TAL and the DCT, have been identified in two unrelated families with unexplained dominant hypomagnesemia. 36 
Hormonal regulation
Regulatory hormones reported to influence magnesium homeostasis via TRPM6 and TRPM7 protein expression and activity include angiotensin II, aldosterone, bradykinin, thrombin, estrogen, and insulin. Parathyroid hormone and 1,25 vitamin D, however, do not appear to have any effect on TRPM6 expression. 8, [37] [38] [39] [40] [41] Of interest, the inability of insulin activation of TRPM6 in two single nucleotide TRPM6 polymorphisms, Ile1393Val and Lys1584Glu, has been linked to hypomagnesemia and presumed hypomagnesemia-induced glucose intolerance in women on low dietary magnesium intake. 37 Low dietary magnesium intake and estrogens have been shown to upregulate renal TRPM6 expression and reduce urinary magnesium excretion. 38 Aldosterone has been reported to induce renal Mg 2+ wasting, an effect that may be ameliorated by aldosterone antagonists. 39, 40 Additionally, the use of aldosterone antagonists has also been shown to maintain plasma magnesium levels in patients receiving routine therapy for congestive heart failure, presumably via enhancing cellular Mg 2+ efflux, thus implicating a role for aldosterone in cellular Mg 2+ shift. 40 Sontia et al have suggested that aldosterone may influence urinary Mg 2+ excretion through redistribution of Mg 2+ (Mg 2+ efflux) in muscle, bone, and the gastrointestinal tract via stimulation of the Na + /Mg 2+ exchanger and downregulation of renal TRPM7. 41 Congenital conditions associated with hypomagnesemia are summarized in Table 2 .
Etiologies of acquired hypomagnesemia
Similar to congenital conditions, acquired etiologies of hypomagnesemia may be categorized based on the presumed defects in the various steps of magnesium metabolism and are summarized in Table 3 .
Gastrointestinal causes
Common conditions include severely low dietary Mg 2+ intake; prolonged nasogastric suction; and overall malabsorptive states including diarrhea, steatorrhea, celiac disease, regional enteritis, and short-gut syndrome. Gastrointestinal magnesium loss due to malabsorptive states may be due to rapid intestinal transit, Mg 2+ binding to undigested free fatty acids, and/or reduction in both passive and active absorption. [42] [43] [44] Of interest, diarrhea has been attributed as an important cause of hypomagnesemia in patients with chronic alcoholism. In a study involving 127 patients with chronic alcoholism, 20 out of 38 cases of hypomagnesemia were thought to be due to alcohol withdrawal syndrome and diarrhea. The remaining patients with hypomagnesemia had evidence of hypermagnesiuria, thought to be associated with hypophosphatemia and/or metabolic acidosis. 45 
Cellular shift/tissue sequestration
Acute pancreatitis is known to be associated with hypocalcemia and hypomagnesemia, both presumably via saponification in necrotic fat. The accompanying hypocalcemia-induced hyperparathyroidism and resultant hypophosphatemia may also lead to concurrent renal Mg 2+ loss. 43 Postparathyroidectomized patients are thought to develop hypomagnesemia predominantly due to increased bone formation and mineralization, and in some cases, concurrent hypermagnesiuria. 46 Conditions associated with increased anabolic states and cellular magnesium uptake leading to reduced plasma magnesium concentration include refeeding syndrome, excessive parenteral alimentation, advanced pregnancy, and lactation. [47] [48] [49] Hypomagnesemia associated with massive blood transfusions is not uncommon and presumed to be due to citrate toxicity, hemodilution, and/or associated comorbidities. 50 Cardiopulmonary bypass surgeries without magnesium supplementation may be associated with hypomagnesemia, thought to be due to increased cellular uptake with the high catecholamine state and chelation by free fatty acids and/or citrate. 51 Hypomagnesemia associated with foscarnet has been proposed to occur via magnesium incorporation into bone matrix following complex formation with foscarnet. -K + -ATPase, sodium-potassium adenosine triphosphatase; HNF1B, hepatocyte nuclear factor 1 homeobox B; eGF, epidermal growth factor; CNNM2, cyclin M2; TPRM 6, transient receptor potential melastatin 6; SeSAMe/eAST syndrome, Seizures, Sensorineural deafness, Ataxia, Mental retardation, and electrolyte imbalance epilepsy, Ataxia, Sensorineural deafness, and renal Tubulopathy.
Renal wasting Hyperfiltration
Hyperfiltration associated with various conditions (including diabetes mellitus; post-obstructive, osmotic, or acute tubular necrosis diuresis; post-kidney transplantation; or excessive volume expansion) may lead to enhanced filterable magnesium load, thus overwhelming the kidneys' Mg 2+ reabsorption capacity, and resultant hypermagnesiuria. Conditions favoring magnesium in its ionized form such as chronic metabolic acidosis or states with low organic anions may also contribute to a high filterable magnesium load and renal Mg 2+ wasting. 53 
Reduced proximal tubular reabsorption
As Mg 2+ is reabsorbed passively at the proximal tubules, severe injury to this nephron segment in the presence of normal glomerular filtration can lead to hypermagnesiuria. Acquired Fanconi's syndrome and tubular toxicities induced by drugs such as cisplatin, aminoglycosides, and pentamidine, have all been reported to be associated with hypomagnesemia. Of note, pentamidine may also be associated with acute pancreatitis, which could be contributory to hypomagnesemia. 54 Dietary salt loading has been shown in rats to increase distal tubular Mg 2+ delivery, presumably via reduced proximal passive reabsorption, and upregulation 
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Reduced DCT reabsorption Drugs known to be associated with hypomagnesemia and likely exert their magnesiuric effect at the DCTs include calcineurin inhibitors and rapamycin. Both cyclosporine and tacrolimus have been shown to reduce TRPM6 expression in the DCT in animal studies. [59] [60] [61] Additionally, cyclosporine has been shown to induce reduced messenger (m)RNA expression of NCC. 59 Whether the latter effect affects TRPM6 expression or plays a contributory role in magnesiuria is not known. Clinically, tacrolimus has been observed to induce more significant magnesiuria compared with cyclosporine. 62 While rapamycin (sirolimus) has been reported to induce hypomagnesemia, the mechanism(s) whereby rapamycin causes magnesiuria is (are) not well defined. In an in vitro study using NRK-52E cells derived from normal rat renal tubules, Ikari et al revealed that sirolimus reduces mRNA expression TRPM6 at the DCT via inhibition of EGF-induced increase in TRPM6 expression, presumably by reducing the stability of TRPM6 mRNA. 63 In contrast, in a study using male Wistar rats treated with rapamycin, da Silva et al reported increased TRPM6 expression. 64 The magnesiuric effect of rapamycin in the latter study was thought to be due to the primary downregulation of NKCC2 protein expression leading to magnesiuria, followed by a secondary compensatory response with increased DCT TRPM6 protein expression. A direct rapamycin stimulatory effect on TRPM6 expression, however, could not be ruled out. Interestingly, rosiglitazone was shown to ameliorate the rapamycinassociated electrolyte disturbances including hypokalemia and downregulation of NKCC2. 64 Although both calcineurin and mammalian target of rapamycin (mTOR) inhibitors may induce renal Mg 2+ wasting, mTOR inhibitors may have lower magnesiuric effect compared with calcineurin inhibitors. In a retrospective review involving 138 renal transplant patients who were converted from calcineurin inhibitors to mTOR inhibitors over a 6-month period, magnesium levels significantly improved in association with reduced fractional excretion of Mg
2+
. 65 In addition to drugs, acid-base status has also been shown to determine renal expression of TRPM6; whereas chronic metabolic acidosis reduces, chronic metabolic alkalosis enhances TRPM6 expression. 66 To our knowledge, acquired causes of hypomagnesemia associated with inhibition of basolateral Kir4.1/5.1 have not been reported. Although there is evidence of direct inhibition of basolateral Kir4.1/5.1 and Kir4.1 channels in the cortical collecting duct by dopamine and antibody production against the potassium channel Kir4.1 in patients with multiple sclerosis, hypomagnesemia is not associated with these conditions. 67, 68 Similarly, there are no known reported cases of acquired hypomagnesemia due to direct inhibition of Kv1.1.
As previously discussed, thiazide-, and to some extent, cyclosporine-induced hypomagnesemia may occur via downregulation of TRPM6 expression. Moreover, Loffing et al have shown that thiazide administration over three days in rats can provoke apoptosis of distal tubule cells and associated focal peritubular inflammation. 69 The direct effect of thiazides on the terminal nephron segment for magnesium reabsorption may explain the severe hypomagnesemia associated with Gitelman and not necessarily Bartter syndrome. As observed in animal studies where high-salt treatment was associated with increased distal delivery of Mg 2+ and upregulation of TRPM6, the increased distal delivery of Mg 2+ in patients with various types of Bartter syndromes may similarly upregulate DCT TRPM6, and hence reduce net Mg 2+ wasting compared with Gitelman syndrome. 55 Factors known to be associated with hypomagnesemia that could act via inhibition of the DCT basolateral Na + -K + -ATPase include hypophosphatemia, calcineurin inhibitors, and ethanol. 70, 71 As phosphate is required for all ATP-requiring cellular activities, it is conceivable that hypophosphatemia can lead to suboptimal Na + -K + -ATPase activity and, if proven present and significant in the DCT, basolateral Mg 2+ -ATPase. While mutations involving EGF affect apical TRPM6 expression hence magnesium reabsorption, the use of anti-EGF receptor antibodies, particularly cetuximab and panitumumab, has accordingly been reported to be associated with hypomagnesemia. Other commonly used drugs associated 
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Magnesium: normal metabolism and diseased states with hypomagnesemia that have been shown to reduce EGF expression include cisplatin and cyclosporine. 59, 72, 73 Clinical conditions and drugs that could potentially be equivalent to CaSR gain-of-function mutations to induce hypomagnesemia include hypercalcemia and aminoglycosides. Both may stimulate the CaSR and in turn reduce ROMK activity, hence reduce the favorable potential difference necessary for optimal paracellular Mg 2+ reabsorption at the TAL. Moreover, CaSR activation at the DCT is also thought to induce renal Mg 2+ wasting via inhibition of TRPM6 expression. Nonetheless, common conditions associated with hypercalcemia including primary hyperparathyroidism and granulomatous disease, however, have not been reported to be associated with significant hypomagnesemia. In contrast, aminoglycosides including amikacin and gentamicin are well known to induce hypomagnesemia, hypothesized to occur via binding to and activation of the CaSR. 74, 75 Whether the CaSR agonist cinacalcet can induce hypomagnesemia is not known. Incidentally, our research into this question led to the review of a case series with reported pre-and postcinacalcet treatment serum magnesium levels in four patients with familial hypocalciuric hypercalcemia. Notably, all four patients' serum magnesium levels were lower at follow-up than at baseline. The serum magnesium levels before and at follow-up were 1.01±0.07 mmol/L and 0.95±0.01 mmol/L, respectively, P=0.11. Whether this observation is fortuitous, further investigation is warranted. 76 Diabetes mellitus is well known to be associated with hypomagnesemia, likely via a plethora of mechanisms. 53 Most recently, given reports of reduced insulin activation of TRPM6 in patients with TRPM6 polymorphisms, it may be speculated that the lack of insulin in the diabetic state may reduce TRPM6 activity and could thus contribute to hypomagnesemia. 77 Other drugs associated with hypomagnesemia include amphotericin and pentamidine. The former is thought to selfinsert into renal tubular membranes and act as an ionophore for urinary magnesium leak, whereas the latter is thought to induce hypomagnesemia via nonspecific, yet to be determined, kidney injury. 54, 78 Finally, hypomagnesemia has been reported in severe burn patients. The involved mechanisms are likely multifactorial and may involve the need for aminoglycoside administration, or associated hypokalemia, among others.
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Diagnosis of hypomagnesemia
The clinical evaluation for the underlying cause of hypomagnesemia requires a thorough investigation for the presence of diabetes mellitus, alcoholism, gastrointestinal conditions involving poor absorption and/or poor nutritional intake, or a family history of hypomagnesemia without or without other electrolyte abnormalities, and a complete list of medications used. The suspected underlying etiology may be confirmed with urinary studies based on its mechanism via renal wasting or extrarenal cause. 
Management of hypomagnesemia: authors' opinion
Magnesium metabolism and kidney handling of magnesium have been significantly elucidated over the last decade.
A correlation between clinical conditions and specific mechanisms leading to hypomagnesemia will no doubt lead to better prevention and mechanism-specific therapy.
Although mild-to-moderate hypomagnesemia is typically asymptomatic, long-term deficiencies have been reported to be associated with a spectrum of adverse micro-and macrovascular outcomes including increased risk of diabetes mellitus, various diabetic complications, arrhythmias particularly in association with congestive heart failure, hypertension, and more rapid progression of kidney disease, among others. Therefore, if safely tolerated, patients should receive therapy to correct the hypomagnesemic state. [2] [3] [4] [5] 81, 82 Currently, however, the management of hypomagnesemia still relies on relatively nonspecific management including avoidance or discontinuation of responsible agents if possible, corrections of underlying metabolic derangements, and/or magnesium supplementation.
Minimization of renal Mg 2+ wasting
Routine corrections of the hyperfiltrative state, chronic metabolic acidosis, and low organic anion state (eg, hypophosphatemia and hypoproteinemia/hypoalbuminemia) should be done whenever applicable to minimize filtration of large amounts of free ionized Mg
2+
. Consultation with a dietitian may be necessary to Dietary intake of foods containing high levels of magnesium should be encouraged. In general, grains, and beans are good sources of magnesium. Selected food sources of magnesium may be found at ods.od.nih.gov/factsheets/MagnesiumHealthProfessional/#h3. 83 A few food sources containing at least 10% of the daily value of recommended total daily dietary magnesium (400 mg for adults and children aged 4 and older) as developed by the US Food and Drug Administration are listed in Table 4 . If all measures fail to achieve "normal" range or serum magnesium concentration .0.66 mmol/L (1.6 mg/dL), magnesium supplement should be added. Various magnesium formulations are available on the market and are listed in Table 5 . In the authors' experience, Mg Plus Protein (Miller Pharmacal Group, Inc., Carol Stream, IL, USA) appears to be best tolerated by patients in terms of magnesium supplementinduced diarrhea.
In conclusion, recent research has contributed a great deal to our understanding of various congenital and acquired hypomagnesemic states. Although no specific targeted therapy is currently available, routine corrections of underlying etiologies and electrolyte and metabolic derangements, increase in dietary magnesium intake, and/or magnesium supplementation are recommended, as chronic hypomagnesemic state has been reported to be associated with various micro-and macrovascular complications. 
